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Abstract: Deg5 and Deg8 are chloroplastic proteases found in Arabidopsis thaliana. These proteases participate in the repair of
photosystem II. However, little information exists on the structures of Deg5 and Deg8. Here, the Deg5 and Deg8 structures were
modeled using the SWISS-MODEL tool with Deg1 as the structural template. Deg5 was composed of only 1 domain, a protease domain.
The catalytic triad of Deg5, which comprises His147, Asp188, and Ser266, was located in the cleft between 2 β-barrels. Deg8 was
composed of a protease domain at the N-terminal and a PDZ domain at the C-terminal. The catalytic triad of Deg8, which comprises
His171, Asp214, and Ser292, was also located in the cleft between 2 β-barrels.
Key words: Deg protease, serine protease, domain, catalytic triad, photosystem II

1. Introduction
The degradation of periplasmic proteins (Deg) proteases
are ATP-independent serine proteases. Deg proteases
contain one protease domain with histidine (His), aspartic
acid (Asp), and serine (Ser) forming the catalytic triad;
this domain is responsible for substrate hydrolysis and
the subunit interaction between the homo-oligomeric
complexes of Deg proteases (Schuhmann et al., 2012). In
addition to the protease domain, most Deg proteases are
composed of at least 1 PSD-95/SAP90, disc-large, and ZO-1
protein (PDZ) domain with 3 major biological functions:
mediating subunit interaction among homo-oligomeric
complexes (Kim et al., 2005; Krojer et al., 2008), recognizing
the substrate, and activating the protease domain (Walsh
et al., 2003). However, it has been reported that some Deg
proteases in plants and mammals do not contain PDZ
domains (Helm et al., 2007; Kurochkin et al., 2007; Sun et
al., 2007).
Deg1 is the first Deg protease reported in Arabidopsis
thaliana; this protease is located in the lumenal side of
the thylakoid membrane (Schuhmann et al., 2012). Deg1
degrades damaged D1 protein, which, in turn, contributes
to the repair of the photodamaged photosystem II (PSII).
Recently, the crystal structure of Deg1 at a resolution
of 2.5 Å was described (Kley et al., 2011). The crystal
structure shows that the Deg1 protein contains 2 domains:
a protease domain at the N-terminal and a PDZ domain at
the C-terminal. Furthermore, there exists a short segment
of residues linking the 2 domains. The protease domain
* Correspondence: chenliangbing@iccas.ac.cn
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consists of 2 β-barrels with helices H1 and H2 capping the
N- and C-terminals of the domain, respectively. His173,
Asp203, and Ser282 form the catalytic triad located in the
cleft between the 2 β-barrels. The PDZ domain of Deg1
features an antiparallel β-sandwich formed by β-strands
S14–S15 and S16–S18–S19. This structure is capped by
helices H3 and H4.
In addition to Deg1, 2 other Deg proteases, Deg5 and
Deg8, are located in the lumenal side of the thylakoid
membrane in A. thaliana (Peltier et al., 2002; Schubert et al.,
2002). It has been shown that Deg5 and Deg8 could form
a hexameric complex (Sun et al., 2007). While it remains
uncertain, it is possible that Deg5 and Deg8 synergistically
degrade the photodamaged D1 protein of PSII and
participate in the repair of photodamaged PSII. In this study,
we modeled the 3-dimensional structures of Deg5 and Deg8
using the SWISS-MODEL tool with Deg1 as the template.
2. Materials and methods
2.1. Dataset collection
The amino acid sequences of Deg1 (At3g27925), Deg5
(At4g18370), and Deg8 (At5g39830.1) were collected from
The Arabidopsis Information Resource database (TAIR;
http://arabidopsis.org/index.jsp). The high-resolution
crystal structure of Deg1 (PDB: 3QO6) protease was
obtained from the Protein Data Bank (PDB; http://www.
rcsb.org). Sequence alignment of Deg1, Deg5, and Deg8
was performed using ClustalW and ESPript (Thompson et
al., 1994; Gouet et al., 2003).
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2.2. Homology modeling
The 3-dimensional structures of Deg5 and Deg8 were
modeled with the template of Deg1 using the SWISSMODEL tool (http://swissmodel.expasy.org/) (Guex et al.,
1997; Schwede et al., 2003; Arnold et al., 2006). The quality
of the modeled structures of Deg5 and Deg8 was measured
using the QMEAN Server for Model Quality Estimation
(Benkert et al., 2008, 2009).
3. Results
3.1. The modeled structure of Deg5
Deg5 protease consisted of 323 amino acids and
shared 47% sequence identity with Deg1 (Figure 1). As
mentioned in Section 1, the crystal structure of Deg1
contains a protease domain at the N-terminal and a PDZ
domain at the C-terminal (see also Figure 2a) (Kley et al.,
2011). When the structure of Deg5 was modeled using
SWISS-MODEL with Deg1 as the template, we found
that Deg5 was composed of 1 domain (residues 81–322)
that encompassed 2 perpendicular β-barrel lobes with Nand C-terminal helices (helices H1 and H2) (Figure 2b).
One of the β-barrel lobes included β-strands S1–S6, and
the other included S7–S12. Thus, the modeled structure
of Deg5 has the same fold as the trypsin-like protease
domain of Deg1 (Figure 2a). In the trypsin-like protease
domain of Deg5, residues 110–126 formed the LA loop,
which was longer than the LA loop of Deg1 (residues 142–
149); residues 262–265 formed the L1 loop, which was as
long as the L1 loop of Deg1 (residues 278–281); residues
282–298 formed the L2 loop, which was longer than the
L2 loop of Deg1 (residues 298–312); residues 241–254
formed the L3 loop, which had 1 residue less than the L3
loop of Deg1 (residues 256–270); and residues 222–230
formed the LD loop, which was identical in length to that
of Deg1 (residues 237–345) (Figure 2).
3.2. The modeled structure of Deg8
Deg8 protease consisted of 448 amino acids and shared
50% sequence identity with Deg1 (Figure 3). The Deg8
structure was modeled using SWISS-MODEL with
Deg1 as the template. Deg8 was composed of 2 domains
(residues 81–322) (Figure 4). One domain (residues 111–
343) contained 2 perpendicular β-barrel lobes with Nand C-terminal helices (helices H1 and H2). One of the
β-barrel lobes included β-strands S1–S6, while the other
included S7–S12. The modeled structure of Deg8 thus had
the same fold pattern as the trypsin-like protease domain
of Deg1 (Figure 2a). Residues 140–147 of the trypsinlike protease domain of Deg8 formed the LA loop, which
was as long as the LA loop of Deg1 (residues 142–149);
residues 288–291 formed the L1 loop, which was as long as
the L1 loop of Deg1 (residues 278–281); residues 308–322
formed the L2 loop, which was as long as the L2 loop of
Deg1 (residues 298–312); residues 241–254 formed the L3

loop, which had 1 residue less than the L3 loop of Deg1
(residues 256–270); and residues 248–256 formed the LD
loop, which was as long as the LD loop of Deg1 (residues
237–345) (Figures 2a and 4).
Residues 343–447 of Deg8 contained a C-terminal PDZ
domain. This domain featured an antiparallel β-sandwich
formed by β-strands S14–S15 and S16–S18–S19 that was
capped by helices H3 and H4 (Figure 4). This is similar to
the PDZ domain of Deg1 (Figure 2a). In the PDZ domain
of Deg8, residues 353–360 formed the IC1 motif, which
was as long as the IC1 motif of Deg1 (residues 343–350),
and residues 386–395 formed the IC2 motif, which was as
long as the IC2 motif of Deg1 (residues 375–384) (Figures
2a and 4).
3.3. Estimation of the quality of the modeled structures
of Deg5 and Deg8
QMEAN Z-scores can be used to estimate the quality of
the modeled protein structures (Benkert et al., 2008). Here
we estimated the quality of the modeled structures of Deg5
and Deg8 using the QMEAN Server for Model Quality
Estimation. We found that the Z-scores of Deg5 and Deg8
were –1.07 and –1.16, respectively, which indicated that the
modeled structures of Deg5 and Deg8 were of good quality.
3.4. The loops of Deg5 and Deg8
Because loops in the Deg1 protease domain play important
roles in enzyme activation, substrate specificity, and
subunit interaction (Kley et al., 2011), sequence alignment
of Deg1, Deg5, and Deg8 loops was performed using
ClustalW (Thompson et al., 1994). As shown in Figure
5, the LD loops of Deg5 and Deg8 shared 56% and 89%
sequence identity with the LD loop of Deg1, respectively.
The L3 loops of Deg5 and Deg8 shared 29% and 21%
sequence identity with the L3 loop of Deg1, respectively
(Figure 5). The L1 loops of Deg5 and Deg8 shared 75%
and 100% sequence identity with the L1 loop of Deg1,
respectively (Figure 5). The L2 loops of Deg5 and Deg8
shared 53% and 60% sequence identity with the L2 loop
of Deg1, respectively (Figure 5). The LA loops were much
more variable among Deg5, Deg8, and Deg1 (Figure 5).
3.5. The catalytic triad residues
His173, Asp203, and Ser282 formed the catalytic triad
in the Deg1 protease (Figure 6). A multiple sequence
alignment of Deg1, Deg5, and Deg8 was performed using
ClustalW and ESPript (Thompson et al., 1994; Gouet et
al., 2003). As shown in Figure 6a, the His, Asp, and Ser of
Deg5 and Deg8 align with the His173, Asp203, and Ser282
of Deg1. Thus, we hypothesize that His147, Asp188, and
Ser266 form the catalytic triad of Deg5 protease and that
His171, Asp214, and Ser292 form the catalytic triad of
Deg8 protease. Furthermore, the catalytic triad residues
are located in the cleft between the 2 β-barrels in Deg5
and Deg8, just as the catalytic triad residues in Deg1 are
(Figure 6b).
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Figure 1. Sequence alignment of Deg1 and Deg5. The alignment was performed using ClustalW and ESPript (Thompson
et al., 1994; Gouet et al., 2003).

4. Discussion
PSII is a large, multi-subunit complex that contains more
than 25 protein species in the thylakoid membranes. D1
protein is one of the core components of PSII. High light
causes photoinhibition to PSII and induces photodamage
to D1 protein (Chen et al., 2012). Subsequently, the
photodamaged D1 proteins are degraded, and newly
synthesized copies are inserted into the PSII complex.
These new copies replace the photodamaged protein,
which makes the D1 protein undergo the most rapid
turnover of the PSII complex. This efficient repair

170

mechanism contributes to maintaining the biological
function of PSII. Deg5 and Deg8 could degrade the
photodamaged D1 protein and participate in the repair
of photodamaged PSII (Sun et al., 2007). Thus, it is vital
to elucidate the structures of Deg5 and Deg8. Moreover,
bioinformatics has been used recently to study the
conserved motifs and structures of proteins (Baloğlu et
al., 2011; Bordoli et al., 2012; Kumar et al., 2012; Zhang et
al., 2012; Schwede, 2013). Here we obtained high-quality
modeled structures of Deg5 and Deg8 (Z-scores: –1.07
and –1.16, respectively) using a bioinformatics technique
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Figure 2. The modeled structure of Deg5 protease using Deg1 as the template. a)
The crystal structure of Deg1 (Kley et al., 2011), b) the modeled structure of Deg5
protease using Deg1 as the template. Cyan: protease domain, yellow: PDZ domain, red:
functionally important loops. All structural figures were prepared using PyMol.

that employed the program SWISS-MODEL with Deg1
protease used as the template. The modeled structure
of Deg5 was composed of one protease domain and did
not contain the PDZ domain (Figure 2b). The modeled
structure of Deg8 was composed of both the protease and
PDZ domains (Figure 4). However, while we prepared this
report, Deg5 and Deg8 were purified and crystallized (Fan

et al., 2012; Shan et al., 2013), and their crystal structures
were resolved (Sun et al., 2013). We then compared the
modeled structures of Deg5 and Deg8 with the crystal
structures of Deg5 and Deg8. The results indicated that
they showed similar 3-dimensional structure (Figure 7).
In addition, the catalytic triad residues in the modeled
structures of Deg5 and Deg8 were in accordance with
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Figure 3. Sequence alignment of Deg1 and Deg8. The alignment was performed using ClustalW and ESPript (Thompson
et al., 1994; Gouet et al., 2003).

those in the crystal structures of Deg5 and Deg8 (Sun et
al., 2013).
The LA loop and PDZ domain are necessary for the
formation of the Deg protease hexamer (Peltier et al., 2002).
We found that the LA loop of the Deg8 protease was as long
as the LA loop of the Deg1 protease, while the LA loop of the
Deg5 protease was much longer than that of the Deg1 protease
(Figures 2, 4, and 5). Because the Deg5 protease does not
contain the PDZ domain, a longer LA loop may contribute
to the formation of the Deg5:Deg8 hexamer. The L2 loop is
responsible for substrate specificity. The L2 loops of Deg5
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and Deg8 shared 53% and 60% sequence identity with the L2
loop of Deg1, respectively (Figure 5), which indicates that the
substrates recognized by Deg5 and Deg8 may not be exactly
the same as the substrates recognized by Deg1. In fact, in
addition to the common D1 protein substrate recognized by
Deg5:Deg8 and Deg1, the Deg1 protease can also recognize
and degrade the PsbO protein (Schuhmann et al., 2012).
The L3 loop mediates the interdomain interaction between
the PDZ and protease domains, as well as the arrangement
of the conformation between the 2 domains. The L3 loops
of Deg8 shared 21% sequence identity with the L3 loop of
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Figure 4. The modeled structure of Deg8 protease. Cyan: protease domain, yellow: PDZ domain, red: functionally important
loops. The structural figure was prepared using PyMol.

Figure 5. Sequence alignment of loops of Deg1, Deg5, and Deg8. The alignment was performed using ClustalW (Thompson et
al., 1994).

Deg1 (Figure 5), which indicates that the arrangement of
the conformation among the PDZ and protease domains in
Deg8 is different from that of the Deg1 protease. L1 and LD
loops are responsible for the activation of Deg1 protease. The
L1 loops of Deg5 and Deg8 shared 75% and 100% sequence
identity with the L1 loop of Deg1, respectively, and the LD
loops of Deg5 and Deg8 shared 56% and 89% sequence
identity with the LD loop of Deg1, respectively (Figure 5).

This indicates that the mechanism of activation of protease in
the Deg5:Deg8 complex is similar to that of Deg1.
The present work provides a strong foundation for
understanding the structures of Deg5 and Deg8 proteins.
This and future studies, including the clarification of the
X-ray crystal structure of the Deg5:Deg8 complex, will lead
to a better understanding of the function of the 2 proteases at
the structural level.
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Figure 6. The catalytic triad residues of Deg proteins. a) Multiple sequence alignment of Deg1,
Deg5, and Deg8. The alignment was performed using ClustalW and ESPript (Thompson et
al., 1994; Gouet et al., 2003). The catalytic triad residues are indicated with red triangles below
residues 71, 101, and 180 of the Deg1 sequence. b) The location of the catalytic triad residues of
Deg proteases in the modeled structures of Deg1, Deg5, and Deg8. The catalytic triad residues
(His-Asp-Ser) are shown in stick mode. All structural figures were prepared using PyMol.
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Figure 7. Comparison of the modeled structures of Deg5 and Deg8 with the crystal
structures of Deg5 and Deg8, respectively. a) Comparison of the modeled structure of
Deg5 with the crystal structure of Deg5, b) comparison of the modeled structure of
Deg8 with the crystal structure of Deg8. Blue: the modeled structure of Deg5, orange:
the crystal structure of Deg5, red: the modeled structure of Deg8, magenta: the crystal
structure of Deg8. All structural figures were prepared using PyMol.
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